Abstract A wastewater treatment system was established by means of pulsed dielectric barrier discharge (DBD). The main advantage of this system is that the wastewater is employed as one of the electrodes for the degradation of rhodamine B, which makes use of the high conductivity and lessenes its negative influence on the discharge process. At the same time, the reactive species like ozone and ultraviolet (UV) light generated by the DBD can be utilized for the treatment of wastewater. The effects of some factors like conductivity, peak pulse voltage, discharge frequency and pH values were investigated. The results show that the combination of these reactive species could enhance the degradation of the dye while the ozone played the most important role in the process. The degradation efficiency was enhanced with the increase of energy supplied. The reduction in the concentration of rhodamine B was much more effective with high solution conductivity; under the highest conductivity condition, the degradation rate could rise to 99%.
Introduction
Conventional methods for wastewater treatment such as filtration, chemical oxidation and biological treatment suffer from various limitations. Filtration techniques are widely used but remain concentrated disposal techniques. Chemical treatment is expensive and the final products might be as toxic as primary substances. Biological treatment is capable of removing a wide range of contaminants, but it is very vulnerable to changes in temperature, pH values and the characters of the pollutants. According to recent studies, the most perspective method is Advanced Oxidation Processes (AOPs) [1] . AOPs make use of oxidants to reduce Chemical and Biological Oxygen Demands (COD/BOD) levels, and to remove both organic and oxidizable inorganic components. These processes can completely oxidize organic materials to carbon dioxide and water.
In the area of water purification using AOPs, attention should be paid to dielectric barrier discharge since it has been proved effective [2−7] . The DBD devices are usually classified into gas phase, liquid phase and gas-liquid phase discharge reactors according to the location of the discharge electrodes. The pulsed discharge is necessary to instantaneously produce nonthermal plasma in which various active species such as hydroxyl radical, superoxide radical, ozone, and hydrogen peroxide exist. These species have been applied to degrade various organic contaminants including phenol and its derivatives [6, 8] , polychlorinated biphenyl [9, 10] , organic dyes [11−13] , aniline [14] , anthraquinone [15] and so on.
On the other hand, the character of wastewater influences the process. Wastewater with a high conductivity would make it difficult to discharge, according to our previous research. With both of the electrodes submerged in the mixed gas-water phase, the experimental results show less of a removal rate under this condition. This result corresponds to other research [16] and can be explained as follows. In the general DBD reactor with an air gap, numerous microdischarge channels contribute to a dielectric barrier discharge and each one irregularly occurs wherever the voltage between two points reaches the ignition level. However, when an aqueous solution with a high conductivity exists, the charges on the surface of the medium can be removed at any time, so the large aggregation will not happen. This means that it is more difficult to form a local highvoltage electric field. So, a large number of free radicals and reactive particles cannot be produced.
In order to solve this problem, we introduced the application of a DBD reactor submerged in water for the degradation of an organic contaminant, rhodamine B, which was easily dissolved in water to form a synthetic wastewater and connected to one of the electrodes. The objective of this paper is to clarify the performance of the reactor under high conductivity and investigate the effects of some other factors.
Experimental setup and method
A pulse generator is designed as shown in Fig. 1 , where C 1 is a filter capacitor and C 2 is a transmission line with an equivalent capacitance of 2 nF. The switch tube T is a hydrogen thyratron with rated voltage and a current of 30 kV/1000 A. C 2 is charged by the DC high voltage through the current-limiting inductor L 1 , the silicon stack D 1 and D 2 , D 3 and resistor R 2 forming a loop while there is no voltage on the load. When C 2 is charged to a certain voltage, the thyratron T is triggered on and the energy in the capacitor C 2 is quickly released to the load, thereby forming a pulsed discharge with a high-energy density. Since the voltage on the diode D 3 is reversely biased at this time, it is in the off status. When the discharge current falls to zero, T will turn off automatically. The designed parameters of the pulsed power supply are listed as follows: the repetition frequency is 500 Hz, the pulsed peak voltage is 30 kV and the rising time is less than 100 ns. The reactor vessel containing wastewater has a squared cross section with 120 mm inner length and 160 mm in height. The DBD reactor immersed in the wastewater comprises a 10 mm copper rod and a quartz tube with its inner and outer diameters of 14 mm and 18 mm. High-voltage pulse was applied to the copper electrode with adjustable voltage amplitudes of 0-30 kV while the wastewater was connected to the ground electrode. Since the wastewater is electrically conductive, it extends the ground electrode up to the outer surface of the quartz tube. The pulse frequency could be adjusted from 1 Hz to 250 Hz. The pulse rise time and the pulse width were 50 ns and 200 ns, respectively. The discharge occurs in the space between the copper electrode and the inner surface of the quartz tube, where reactive species like ozone and UV are produced. To increase the efficiency of the process, oxygen was bubbled into the quartz tube to produce more ozone. The oxygen flow rate is 1 L/min. The voltage and current were measured with a digital oscilloscope (Tektronix TDS1012B-SC) equipped with a voltage probe and a current probe. The typical voltage and current waveforms are shown in Fig. 3 . The diagram of the discharge effect is shown in Fig. 4 . The experiments for the degradation of the dye wastewater were performed by continuously transferring the gas previously produced in the DBD reactor space to the wastewater through an aeration stone. This process was conducted under room temperature. The solution conductivity was adjusted by adding NaNO 3 . The absorbance of the treated dye wastewater was assessed by a UV/visible spectrophotometer (TU-1810) at a wavelength of 554 nm with a degradation rate (DR) expressed as the following: DR
Samples were taken from the reactor vessel at each 10-min interval. The concentration of ozone produced in the DBD reactor was tested by an ozone detector (CPR-G6). The curve trends of the concentration of rhdamine B by changing the solution conductivity are illustrated in Fig. 6 . The experiment was carried out under the condition of an initial solution pH value of 4.9 and a pulsed discharge voltage of 30 kV at a discharge frequency of 50 Hz. It was found that the reduction of the concentration was more effective with high conductivity, which exhibited an exponential decrease, rather than with little conductivity, which exhibited a linear decrease. Within the 40-min treatment time, the removal rate rose from 84% under an initial conductivity of 83 µS/cm to 99.9% under the adjusted conductivity of 1×10
5 µS/cm. Besides, the decrease efficiency changed slightly under high solution conductivities. Fig. 7 shows the absorption spectra of the rhodamine B sample under the conductivity of 5000 µS/cm. The absorption spectra of the sample is characterized by a strong absorption band in the visible range responsible for the red color. The absorption peaks corresponding to the red color disappear completely after the discharge plasma treatment. The solution of 100 mg/L dye was 99% degraded after the 40-min plasma treatment. The rapid disappearance of the 554 nm absorption band suggested that the chromophore responsible for the red color of the rhodamine B was broken down. 
Effect of pulsed peak voltage and discharge frequency
The effect of pulsed discharge voltage on the degradation rate of rhodamine B with treatment time by changing the pulsed peak voltage is shown in Fig. 8 . The experimental conditions were a discharge frequency of 50 Hz, 83 µS/cm initial solution conductivity and 4.9 solution pH. The results indicated that the degradation rate increased by enhancing the peak values of the pulsed voltage with the same treatment time. As the pulsed peak voltage increased from 22 kV to 30 kV, the degradation rate of rhodamine B rose from 69.7% to 84.3%, within the 40-min treatment time. According to the curve trend, the degradation rate had a linear relationship with the treatment time. Fig. 9 illustrates the change of degradation trend of rhodamine B under different discharge frequencies. Experiments were carried out to reveal the effects of the pulse repetition frequency on the rhodamine B degradation rate. The experiment conditions were solution pH=4.9, 83 µS/cm solution conductivity and the pulsed peak voltage of 28 kV. The results inferred that the increase of discharge frequency efficiently enhanced the degradation rate. In 40 min, the best removal rose to 99.6% under a discharge frequency of 250 Hz. Moreover, the degradation rate of rhodamine B under the frequency of 250 Hz within a 20-min treatment time was close to that under the frequency of 50 Hz within 40 min. Thus, it would be greatly time-saving to achieve the same dealing effect. 
Synergistic reaction of UV
During the treatment, the process is accompanied by high-energy electron production and emission of ultraviolet (UV) and visible photons [17, 18] . In order to exclude the effect of UV produced by the DBD on the degradation, two identical reactor systems were used. Ozone was generated from one of them and transferred to another. In this way, the effect of different patterns was evaluated. The experiments were carried under the condition with the pulsed peak voltage of 30 kV, discharge frequency of 50 Hz and 5000 µS/cm solution conductivity within the 40-min treatment time. As shown in Fig. 10 , ozone had a major influence on the degradation of rhodamine B with a single removal of 95% while UV had a minor influence on it with a single removal of 12%. When they were combined together, the total efficiency was slightly better than that with only ozone. The combined removal rate could rise to 98%. 
Initial pH value
The pH of the aqueous solution can, to some extent, indicate the concentration of acid and alkali, which may affect the removal efficiency of the organic pollutant with the pulsed DBD treatment. The experimental conditions were a pulsed peak voltage of 30 kV and a discharge frequency of 50 Hz. The solution of rhodamine B was adjusted to have a strongly acidic condition (pH=1) by H 2 SO 4 and a strongly alkaline condition (pH=13) by NaOH, respectively. The curve trend of the degradation rate of rhodamine B with the treatment time by changing the pH is shown in Fig. 11 , inferring that a lower pH value is favorable. 
Solution conductivity
In essence, the discharge process is totally under the gas atmosphere. Since our reactor makes the wastewater perform as another electrode, the influence of conductivity is totally avoided. As shown in the result, with a solution conductivity of more than 5000 µS/cm, the degradation rate could increase from 84% to 98% within 40 min. Fig. 12 shows the equivalent circuit of the reactor. R L is the resistance of the solution that depends on the electrical conductivity. C L is the capacitance of the solution. Resistance R 0 is the combination of plasma and dielectric impedance. C 0 is the combination of capacitances in the gas phase and of the dielectric.
According to the equivalent circuit, we can measure each parameter. C 0 is about 20 pF, C L is about 133 pF. The calculated capacitive reactance of C 0 and C L are 796 Ω and 120 Ω, respectively. R 0 is about 2.4 MΩ, which is very large compared to the capacitive reactance of C 0 and can be neglected in the fast pulse circuit. R L is about 4.6 kΩ when the solution conductivity is 83 µS/cm and decreases rapidly as the conductivity increases to more than 5000 µS/cm. When applying a pulse voltage (V 0 ), C L and C 0 are charged. Since C 0 is smaller than C L , the gas phase shares the main part of the total voltage. When a breakdown of the air occurs, the gas phase becomes a conductive channel. After that, the output current increases. When the liquid phase has little conductivity, R L is much bigger than the capacitive reactance of C L . Under this circumstance, the liquid phase shares some part of the voltage, which makes it more difficult for the gas phase to discharge. On the contrary, a high conductivity makes R L decrease drastically and the effect of C L can be neglected at the same time. Thus, the production of ozone, ultraviolet (UV) and visible photons increases under high conductivity.
Fig.12 Equivalent circuit of the reactor
The ozone generation as a function of solution conductivity is shown in Fig. 13 . Ozone generation (OG) can be calculated as the ozone flux (OF) multiplied by the ozone concentration (OC), which is expressed as follows: When there was little solution conductivity, the ozone generation was 2.4 mg/min. The amount was obviously increased when the solution conductivity was higher. The value was around 4 mg/min and slightly changed as the solution conductivity continuously increased. That was explained as the Ohmic loss could be ignored. Moreover, the degradation of concentration as a function of the treatment time for the different conductivity shown in Fig. 6 corresponded well with this result.
This DBD structure is effective only when the solution conductivity is high. Besides, the fed gas through the discharge process is dried without influence from liquid, thus providing a uniform and stable discharge. Another advantage to be mentioned is that the ozone produced in DBD reactors can be conveniently transported to the treatment area, which solves additional problems for proper ozone transportation systems and its introduction into wastewater.
Influence of electrical parameters
The increase of pulsed peak voltage is a way to increase the energy injection. It provides more energy in a single pulse. Thus, the discharge intensity increases the amount of active species. This leads to the increase of the oxidation amount of rhodamine B.
On the other hand, increasing the discharge frequency is also a way to provide more energy input. As it provides more discharge times per unit time, the energy input to the electric field is directly proportional to the pulse repetitive frequency. Therefore, raising the pulse repetitive frequency can add a quantity of active radicals and the energy of UV and photons. Since the quantity of various oxidizing species produced by the DBD discharge and bubbled to the solution does not linearly increase with the rise of the repetition rate of the pulse, the rhodamine B degradation rate is found to be nonlinear to the discharge frequency.
The average power (P av ) consumed during the discharge process can be calculated as follows:
The results of P av as a function for different pulsed peak voltages and different discharge frequencies are shown in Fig. 14 and Fig. 15 . The average power increased linearly with the enhancement of the pulsed peak voltage and discharge frequency. Moreover, the pulse repetitive frequency contributes more obviously to the average power. 
Dominant reactions
The most abundant oxidizing species generated during this process with the addition of oxygen is the ozone that is formed in the gas phase, while small amounts of other species such as hydroxyl radicals and hydrogen peroxide are also produced in the water phase.
To produce ozone, some energy must be provided to dissociate the oxygen molecules. In dielectric barrier discharges, large quantities of energetic electrons are produced [19] . Those electrons, carrying some energy, are accelerated by the electric field in the gap space. When an electron collides with an oxygen molecule, it transfers part of its energy to the oxygen molecule. If transferred energy is high enough, the oxygen molecule dissociates into monoatomic, reactive atoms. Those unstable oxygen atoms can attach to other oxygen molecules and form ozone molecules.
Hydrogen peroxide can be formed by ozone. In spite of its high oxidation potential of 1.77 V, hydrogen peroxide is not an excellent oxidant for many organic pollutants. The reason for that is its instability in water solution and its ability to simultaneously oxidize and reduce itself. The source of hydroxyl radicals in an aqueous solution can be either the direct dissociation of water molecules in case of an electrical discharge in the water or the dissociation of oxygen molecules. In addition, a possible mechanism for the production of hydroxyl radicals is the dissociation of hydrogen peroxide or the results from the dissociated intermediates of ozone decomposition as indicated in the chemical reaction Eq. (8) [20] . Ozone can oxidize contaminants in water in two ways, by either direct oxidation or forming hydroxyl radicals [21−23] . Firstly, gaseous ozone and dissolved ozone can directly react with the contaminants at the gas-liquid interface, which is molecular ozone oxidation and is expressed as:
Secondly, ozone dissolved in water decomposes into hydroxyl radicals having a high oxidation potential, which react quickly with the contaminants. They are free radical oxidation and are expressed as:
·OH + organic → products (12)
Acidic and alkaline conditions
The hydroxyl radical has an oxidation potential of 2.80 V, which is greater than 2.07 V for ozone. Thus, according to Eqs. (8)- (12), under the alkaline condition, the decomposition of ozone eventually yielding more hydroxyl radicals can enhance the degradation theoretically. However, this contradicts the experimental results, which showed that a lower pH condition was preferred.
This consequence probably results from the effect of ozone on degradation under different pH conditions. Molecular ozone oxidation is relatively slower than the free radical oxidation reaction, but the former reaction is selective, which contributes to a high utilization rate of ozone. Although the latter reaction has a high rate, it results in a large amount of unwanted ozone consumption because of its non-selectivity [24] . Ozone under the alkaline condition is easier to perform selfdecomposition to produce hydroxyl radicals [25] , which causes a decrease in the utilization rate of ozone. Another reason is that the pH value influences the oxidation potentials of the reactive species. The oxidizing potential of O 3 dropped from 2.08 V at acidic pH to 1.4 V in alkaline pH [26] , and that of ·OH radicals decreased from 2.70 V at pH 3.0 to 2.34 V at pH 9.0 [27] .
Conclusion
A dielectric barrier discharge reactor in water was built where the wastewater was employed as one of the electrodes. This design was able to produce ozone and UV photons concurrently. It was very effective in degrading the organic contaminant, rhodamine B, especially when the solution conductivity was very high. The influence of some other factors during the DBD process on the degradation of the organic contaminants was examined. The degradation rate increased with the pulsed peak voltage and discharge frequency due to the enhancement of energy input. The acidic condition was proved to be favorable. Ozone was found to be the major factor responsible for the majority of the degradation. UV had some auxiliary effect and improved the dealing efficiency when combined with ozone. With this system under the studied conditions, the best result for the degradation rate has risen to 99% under the highest conductivity. Since the conductivity of industrial dye wastewater is normally very high, this reactor has good prospects for industrial applications of treating organic wastewater.
